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The temporal and spatial scales controlling the morphodynamics of barrier-inlet systems are critical components
of regional sediment management practice. This paper discusses regional sediment management methods employed at multiple barrier-inlet systems, with case studies from West-Central Florida. A decision-support tool is
proposed for regional sediment management with discussion of its application to barrier-inlet systems.
Connecting multiple barrier islands and inlets at appropriate spatio-temporal scales is critical in developing an
appropriately scoped sediment management plan for a barrier-inlet system. Evaluating sediment bypassing capacity and overall inlet morphodynamics can better inform regional sand sharing along barrier-inlet coastlines;
particularly where sediment resources are scarce and a close coupling between inlet dredging and beach placement is vital to long-term sustainable management. Continued sea-level rise and anthropogenic activities may
intensify the need for investigating longer-term processes and expanding regional planning at a centennial
timescale, and are acknowledged as challenging tasks for RSM studies. Speciﬁcally, we suggested that a regionally focused, multi-inlet study were necessary for management plan of individual inlet for the west-central
Florida case studies. Key recommendations based on the case studies include: 1) allow the natural sediment
bypassing to be re-established at Blind Pass inlet through reduced ebb-tidal delta mining, 2) reduce the interruption to sediment bypassing at John's Pass and Pass-a-Grille inlets through an improved design of the dredged
mining areas located along sediment bypassing pathways, 3) allow for continued natural sediment bypassing at
Bunces Pass, and, 4) incorporate the cyclic swash-bar attachment sediment bypassing into the management plan
at Bunces Pass and adjacent barrier-islands.

1. Introduction
In the United States (U.S.), barrier islands comprise much of the
Atlantic Ocean and Gulf of Mexico coasts. In this paper, barrier-inlet
systems refer to the interconnected chain of barrier islands, dissected by
tidal inlets, through which sediment is exchanged across the littoral
zone of the open coast and the estuary (Davis, 1994). The littoral zone
here describes the alongshore and across-shore extent of which coastal
processes mobilize and transport sediments. Sediment transport along
barrier islands eventually encounters tidal inlets resulting in a complicated exchange of sediments through which they may be trapped
within the barrier or basin, or, are eventually bypassed across the
barrier-inlet system.
Many of the barrier islands in the U.S. are heavily developed, with
barrier beaches serving as major tourist attractions. The tidal inlets

between the barrier islands serve as navigation channels for both
commercial and recreational vessels. Ensuring navigation safety
through the tidal inlet waterways and maintaining the health of barrierisland beaches poses a major challenge in coastal and ocean management in the U.S. and worldwide.
The concept of barrier islands and inlets as a system provides a
systematic approach to investigate the dynamic interaction between
tidal inlets and adjacent shorelines. Dean et al. (1988) analyzed beach
erosion trends along the Atlantic coast of Florida and attributed
80–85% of beach erosion to processes related to tidal inlets, many artiﬁcially modiﬁed. Engineering of an inlet through hard structures (e.g.,
jetties, weirs, etc.) and sediment management approaches (such as
channel dredging and beach-nearshore sediment placement) are commonly employed tactics to ensure navigation safety and mitigate inletinduced beach erosion (Bruun and Gerritsen, 2005; Dean, 1988, 1993;
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transit, while so-called “advance dredging” typically expands the volume removed in the vertical and sometimes through increased channel
width to accommodate potential future sedimentation, thereby increasing the time interval between dredging. In addition to dredging,
navigability at tidal inlets can also be managed through diversion and/
or trapping of sediment transport, and has been implemented through
weir structures, jetties, designed sedimentation basins, ﬁxed sediment
bypassing plants, and other alternative sediment management techniques (CEM, 2002; Clausner, 1999).
The eﬀects of navigation projects at tidal inlets on beach erosion
have been observed since their inception (Bruun, 1995; Dean, 1988;
Dean and Work, 1993). However, it was not until the 1970s and 1980s
that downdrift impacts were systematically correlated to navigation
projects. The USACE Section 111 (River and Harbor Act, 1968) studies
that reviewed the eﬀects of federal navigation projects on downdrift
beaches have led to remedial actions that include RSM practices to
mitigate against past and potential future impacts (Rosati, 2011). In the
U.S., the USACE plays a central role in the implementation of RSM
(Bodge and Rosati, 2003).
RSM at barrier-inlet systems often employs coordinated mining of
sediment such as at navigation channels and tidal inlet deltas, with
beach nourishment (Finkl et al., 2006; Rosati et al., 2001). An optimal
cost-to-beneﬁt ratio has traditionally been used to determine the eﬃcacy of using tidal inlet sediment sources in nourishment projects
(PIANC, 2009). Long distances from a nourishment project to a sediment source would increase costs due to high transportation expenses.
As a result, oﬀshore and nearshore shoals, and sometimes upland sediment sources, have been used for beach nourishment at locations
where inlet sediment sources were too far away (Michel, 2004; Finkl
et al., 2007). Sediment resources from inlet navigation channels and
adjacent shoals are more cost eﬀective for beach nourishment projects
proximal to the inlet (Childs, 2015).
Despite the potential beneﬁt for utilizing sediments dredged from
navigation channels to mitigate coastal erosion and balance the regional sediment budget, transportation costs, increased project complexity and environmental issues concerning quality of dredged sediment have posed signiﬁcant challenges in speciﬁc regions around the
U.S. Environmental concerns range from sediment grain size compatibility, color, composition, and contamination, amongst others. As a
result, a large amount of the littoral sediments that are deposited and
subsequently removed from navigation channels have been placed in
upland conﬁned disposal facilities or oﬀshore disposal sites (Parson and
Swaﬀord, 2012).
Nicholls et al. (2012) and Oost et al. (2014) have suggested and
demonstrated a need to include the interconnected coastal zone features in long-term planning. However, for the USACE, the decisions are
ultimately controlled by an acceptable cost-to-beneﬁt ratio where the
beneﬁts of any engineering action are required to be greater than the
costs, with the caveat that the engineering actions must be environmentally acceptable. Although the concept of RSM was formalized
in the U.S. in the late 1990s (Rosati et al., 2001), RSM approaches were
slow to develop due to the longer time periods by which system impacts
could be ascertained. The project-centric management approach was
and continues to be a challenging constraint on the more strategic RSM
approach to multi-project management. Eﬃciently executing RSM can
result in the beneﬁcial utilization of coastal sediment resources in a
manner that preserves coastal environments, a key metric for long-term
sustainability practice (Nicholls et al., 2007; Kress et al., 2016).

Dean and Work, 1993). Recently, planning for these types of engineering activities has motivated studies at larger regional spatial
scales (10s–100s of kilometers) and longer temporal scales (50–100
years) (Thom et al., 2012; Nicholls et al., 2013; Oost et al., 2014).
Throughout the past three decades, the U.S. Army Corps of
Engineers (USACE) and other federal, state, and local agencies have
sought to improve engineering practices at barrier-inlet systems in the
pursuit of more sustainable regional management of coastal sediment
resources. Regional Sediment Management (Rosati et al., 2001; Kress
et al., 2016) is a systems-based management practice that coordinates
the eﬃcient and eﬀective use of sediments in coastal, estuarine, and
inland projects. Broadly, Regional Sediment Management (RSM) is a
cooperative goal sought by local, state, and federal resource agencies
and the public, also referred to as “stakeholders”, to reduce potentially
cascading sedimentological impacts from anthropogenic activities to
natural systems. RSM stakeholder groups often meet regularly to evaluate RSM challenges and opportunities to continually revise and update
the RSM plan (Lillycrop et al., 2011). Regional scaling is typically deﬁned by the stakeholder group and is often a function of a predetermined physical or political geographic boundary, but may also be
determined by the available datasets and expected outcomes.
RSM is not unique to barrier-inlet systems. Examples of regional
management of riverine-coastal sediment systems in the U.S. include
dam removal at the Elwha River (Warrick et al., 2015) and river diversions in the Lower Mississippi River (Allison and Meselhe, 2010).
Coastal system examples include regional-scale oﬀshore sediment resource identiﬁcation and allocation studies (Khalil et al., 2010; Ousley
et al., 2012), as well as studies that coordinate sediment sources and
needs in navigation dredging and adjacent beach placement projects for
shore-protection (Hodgens et al., 2016; Schrader et al., 2016).
The concept of RSM has been considered in the implementation of
individually-managed coastal sediment projects for decades. However,
the ties among various project objectives, such as maintenance dredging of navigation channels and beach placement for shore protection
projects, have not been coherently linked by decision makers with a
high priority until the 1990s. The project-centric management approach, which is focused solely on the objectives and tasks required for
a tactical engineering action at the project location, is just one functional approach that must be managed with multiple interrelated project objectives in a systems approach. Developing these systemic connections within the U.S. happened iteratively through increased
coordination across various federal, state, and local agencies and stakeholders relating shared goals and the need for cost-sharing to implement complicated eﬀorts (Martin, 2002).
1.1. Sediment management at tidal inlets
Tidal inlets serve as navigable channels that connect major coastal
ports, harbors, and cities to the open ocean. They oﬀer a substantial
economic beneﬁt to economy, providing waterways for commerce and
recreational vessels. In the U.S., federally-authorized and maintained
navigation channels that make up the coastal and inland marine
transportation system include over 90 navigation entrance channels
that cross tidal inlets (Carr and Kraus, 2002). Federally-authorized
navigation entrance channels are maintained by the USACE through
engineering the channel orientation, dimensions, and adjacent structures for stability and navigability (Libeau, 2007). Tidal inlets can be
signiﬁcant sediment sinks along coastlines eﬀectively trapping alongshore moving sediment from adjacent barrier islands (Bruun and
Gerritsen, 1959; Dean and Walton, 1973), complicating the engineered
design of navigation channels. Additionally, inlets may serve as sediment sources to barriers and basins (Elias et al., 2012b).
The navigability of dynamic tidal channels is a primary concern for
maritime shipping and has been maintained through diversion of
shoaling sources and with various dredging techniques (USACE, 2015).
Direct channel dredging removes problematic shoals in the areas of

1.2. The challenge: regional sediment management on long-term timescales
A major challenge to RSM of barrier-inlet systems is in the collection
of appropriate spatio-temporal data with representative and valid
conceptual, analytical, physical or numerical models that inform timevariant sediment dynamics across the region. Larson et al. (2002) reviewed the various local and regional processes that aﬀect barrier-inlet
32
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Fig. 1. Spatio-temporal categorization of local and regional processes and barrier-inlet morphodynamics adapted from Larson et al. (2002). The space within which
Regional Sediment Management studies are typically undertaken is on the order of 10s–100s of kilometers, operating on decadal to century timescales.

Fig. 2. Common terminology for engineering features at a tidal inlet (left panel; photo source: Google Earth); and, terminology for the morphological features of a
tidal inlet using John's Pass in west-central Florida as an example (right panel; photo source: 2014 bathymetric survey, University of South Florida.).

studies are presented to illustrate how morphodynamic analyses could
better inform RSM decisions at multiple barrier-inlet systems and to
discuss considerations for spatial variations. Continued sea-level rise
and other potential climate-related factors may intensify the need for
expanding regional planning at a centennial timescale. We propose an
interactive ﬂow chart as a decision framework for planning and executing morphodynamic analyses.

systems. They summarized various natural and artiﬁcial factors that can
induce gradients in alongshore sediment transport rate, which aﬀect
shoreline characteristics, inlet stability and nearshore bathymetry
(Fig. 1, adapted from Larson et al., 2002). The conceptual model illustrates the challenges associated with RSM practice that must couple
tide, current, wave, wind, and sediment transport over months, years,
decades and centuries to understand and predict morphologic change.
The objectives of this paper are to review and examine the various
temporal and spatial scales controlling the morphodynamics of barrierinlet systems and to provide a framework on incorporating inlet morphodynamic processes within RSM studies. We synthesize and characterize tidal inlet morphodynamics and barrier-island management
decisions appropriate to various spatio-temporal scales. Several case

2. Morphodynamics of barrier-inlet systems
This section discusses the general morphological and sedimentological characteristics of barrier-inlet systems, with an emphasis on
beach-inlet interaction and sediment pathways that are essential to
33
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Mixed-energy inlets tend to have complicated shoal patterns across the
ebb-tidal delta including two, one or no channel margin linear bars,
swash bar complexes, one or multiple ebbing channels, and one or
multiple terminal lobes (e.g., Fig. 2). Wave-dominated ebb-tidal deltas
tend to be relatively smaller than the previous two types and typically
have multiple, migratory shallow channels and may or may not have a
prominent terminal lobe. Many wave-dominated inlets are migratory,
and therefore may not develop a distinctive ebb-tidal delta. FitzGerald
(1996) suggested that the morphodynamics of a barrier-inlet system are
further controlled by a combination of processes and geological factors,
in addition to just waves and tides.
Tidal deltas serve as the dominant sediment sinks for littoral sediment moving along barrier islands. Typically, the volume of sediment in
ebb- and ﬂood-tidal deltas are orders of magnitude greater than that
scoured from the inlet channel via incision, suggesting that inlet incision is not the main source of sediment for the ﬂood- and ebb-tidal
deltas. Hayes and FitzGerald (2013) suggested that for mesotidal barrier-inlet systems, ebb-tidal deltas can comprise the majority of the
sands within the system. For example, Hayes and Sexton (1989) found
that 77% of the sand was stored within the ebb-tidal delta and ebb
channel ﬁll complex for a mixed-energy, barrier-island system in South
Carolina. Therefore, tidal deltas, especially the ebb-tidal delta, play a
crucial role in RSM of barrier-island system.

RSM. The discussion on barrier-inlet morphodynamics is organized
based on the classiﬁcation of Hayes (1979).
2.1. Morphologic characteristics and sediment processes
Tidal inlets separate barrier islands and serve as conduits for
transport of sediment and water between the back-barrier bay and the
open ocean. Owing to the bidirectional tidal ﬂow, tidal inlets often
develop delta-shaped landforms on both the land and ocean sides, referred to as a ﬂood-tidal delta and ebb-tidal delta, respectively (Hayes,
1975). Tidal deltas are also referred to as ﬂood- and ebb-tidal shoals in
mostly engineering literature. The terms ﬂood- and ebb-tidal deltas are
used in this paper. John's Pass, a heavily-modiﬁed, federally-maintained inlet is used here to illustrate the various natural and artiﬁcial
features associated with an inlet (Fig. 2). Much of the ﬂood-tidal delta
has been engineered through dredge and ﬁll practice into what are
referred to as ﬁnger channels (or ﬁnger canals; Fig. 2). A bridge was
constructed across the narrowest section of the inlet. Both the main
channel and the ebb-tidal delta have been dredged multiple times, with
the sand used to nourish adjacent beaches. The attachment of the ebbtidal delta at the downdrift beach is apparent from both the aerial photo
and the bathymetry.
Since the ebb-tidal delta often plays a signiﬁcant role as a sediment
resource in RSM, its morphological characteristics are discussed in
more detail here (Fig. 2). An ebb-tidal delta typically has a main
channel extending up to several kilometers from the throat between the
two barrier islands. A terminal lobe is typically located at the seaward
limit of the ebb jet (Hayes, 1975; Oertel, 1988), outlining the distal
portion of the ebb-tidal delta. A channel running along the barrier
beaches directly adjacent to the inlet is referred to as a marginal ﬂood
channel because it tends to have longer period of ﬂood ﬂow with higher
velocities than ebb ﬂow. The channel margin linear bar (Fig. 2) is the
shallow morphologic feature located directly adjacent to the main
channel, which has also been described as a levee-type depositional
feature (Boothroyd, 1985). For the case of John's Pass, an attachment
point (or zone) connecting the ebb-tidal delta with the downdrift beach
is apparent, illustrating the morphologic result of sand bypassing across
the ebb-tidal delta. However, not all tidal inlets have morphologically
distinct attachment points.
The main ebb channel is maintained primarily by a strong ebb
current, or ebb jet, which tends to drive a net oﬀshore transport of
sediment towards the terminal lobe seaward of the channel. Swash bars
are distinguishable over the entire ebb-tidal delta platform and have a
distinctive bar-shaped morphology. With ample sediment supply, swash
bars may become increasingly shallow and oriented parallel to the
dominant refracted wave angle, and may migrate onshore and weld to
the beach. The processes of swash bar development and attachment
have been studied at mixed-energy, mesotidal inlets (FitzGerald, 1982;
McClung and Douglass, 1999; Oertel, 1988; Sexton and Hayes, 1982;
Ridderinkhof et al., 2016).
The morphological characteristics of barrier-inlet systems illustrate
signiﬁcant variations. Hayes (1979, 1980) and Davis and Hayes (1984)
developed a morphodynamic classiﬁcation of coasts explaining the
variations of the morphology based on relative dominance of tide or
wave forcing. Davis and Gibeaut (1990) adopted Hayes (1979, 1980)
morphodynamic approach and described tide-dominated, wave-dominated, and mixed-energy (straight and oﬀset) barrier-inlet systems. The
John's Pass example (Fig. 2) discussed above is a mixed-energy, straight
barrier-inlet system. The morphological characteristics of diﬀerent
kinds of barrier-inlet systems can vary in terms of the size and shape of
ebb- and ﬂood-tidal deltas.
Tide-dominated inlets tend to be stable and have characteristic
shore-perpendicular, channel margin linear bars extending along a deep
main ebb channel. They tend to have more convex-shaped updrift and
downdrift lobes on the ebb-tidal delta with no distinct terminal lobe
due to strong tidal ﬂushing and limited inﬂuence of wave energy.

2.2. Sedimentological characteristics
An understanding of the sediment distribution in a barrier-inlet
system provides crucial knowledge supporting decision making on
dredging or structural engineering works at the various morphological
features, which have variable sediment characteristics. Sediment grain
size is also the most important factor for using the sand resources for
beach nourishment. Accurate descriptions of sediment grain-size distribution play a substantial role in predicting the morphodynamics of
barrier-inlet systems because the existing empirical formulas used by
numerical models for calculating sediment transport rates are quite
sensitive to grain size. From a modeling perspective, a numerical
model's capability to incorporate spatial variations of sediment properties is essential to accurately simulating sediment transport and
subsequent morphology change. The sediment properties within a
barrier-inlet system are strongly controlled by its regional geological
setting, speciﬁcally the sediment provenance. However, within a barrier-inlet system, spatial variations of sediment property are controlled
by the local hydrodynamic conditions through selective sediment
transport and deposition. In the following, general sediment characteristics in diﬀerent sub-environments are discussed.
Beaches and nearshore areas along barrier islands are typically
composed of sand-sized sediments. The coarsest sediment typically
occurs in the swash zone due to selective transport resulting in ﬁner
fractions being removed. Because the dynamic swash zone moves
landward and seaward as tide rises and falls, the coarser swash sediment can distribute across the entire intertidal zone. The supratidal
back beach is typically composed of moderately to well-sorted sand, the
size of which is controlled by regional sediment supply. Further landward, the sand dunes are usually composed of very well-sorted ﬁne
sand due to the highly selective nature of aeolian transport. Coastal
dunes are often covered and stabilized by vegetation, which constitute
an important consideration in managing dune sand. Sediments in the
nearshore subtidal area are typically sand and are usually ﬁner than the
sediments in the swash zone and on the back beach.
The ﬁnest sediment in a barrier-inlet system is generally found
along the backside of the barrier island and over the ﬂood-tidal delta. In
sand dominated barrier-inlet systems, such as those along the Florida
coast, the ﬂood-tidal delta may be composed of mainly ﬁne sand with
varying amount of organic mud. The sediment may be cohesive in some
ﬂood-tidal deltas where there is a higher content of mud within the
basin or from riverine supply, such as those along the Georgia Bight
34
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where the ﬂood-tidal delta is comprised of 10–15% of mud (Hayes,
1994). Furthermore, ﬂood-tidal deltas serve as key habitats for submerged aquatic vegetation such as seagrasses, mangroves, and salt
marsh grasses, providing an ecological challenge to sediment management.
The coarsest sediment in a barrier-inlet system typically occurs in
the main channel, where the strong tidal ﬂow removes the ﬁner fractions of the sediment leaving the coarser fractions, or lag deposits, on
the channel bottom. The coarse lag deposits play a crucial role in
controlling the scour in the main channel. The nature of the lag deposit
is determined by the sources of coarse sediment. For example, along the
Florida coast, the coarse lag deposits are mostly composed of large shell
debris or rock outcrop, whereas large gravels (originated from glacial
outwash or relic riverbeds) occur on the bottom of inlets along the
northern Atlantic coast of the U.S. Scour of the main channel can also
be inﬂuenced by large bed forms (Whitmeyer, 2007). Large sand waves
and dunes at the bottom of the main channel can signiﬁcantly reduce
the ﬂow power in transporting sediment and therefore control the
scour. In some of the Florida inlets, base limestone is exposed at the
bottom of the main channel. Exposed cohesive and stiﬀ mud can also
inhibit or slow down channel bottom scour.
Ebb-tidal deltas are mostly composed of sand-sized sediment, which
tend to be compatible to that on the beach and in the nearshore zone
since they are the primary sources of sediment. A certain degree of
spatial variation in grain size occurs over the ebb tidal delta, dependent
upon native littoral sediments as well as relative energy conditions.
Shallow portions of the ebb-tidal delta platform, including the channel
margin linear bars and swash bars, tend to have relatively coarser sediment due to the selective transport by breaking waves. In comparison,
the terminal lobe tends to have ﬁner sediment. The deeper, distal
portions of the ebb-tidal delta generally contain the selectively transported ﬁner portion of sediment. Because the ebb-tidal delta may serve
as a sand source for beach nourishment, detailed characterization of its
sediment properties is often necessary in RSM to ensure compatibility of
the sand source with beach sand.
Overall, in addition to considerable spatial variations as controlled
by geological settings, barrier-inlet systems exhibit a particular trend of
grain-size variation as determined by the speciﬁc hydrodynamic conditions. Accurately capturing the spatial pattern of sediment properties
is essential in the development of RSM strategies, as well in predictive
models of barrier-inlet morphodynamics.

bypassing. Additional dredging, or mining, of tidal inlet deltas may
reduce the functional sediment bypassing and disrupt alongshore sediment transport to adjacent beaches (Walton and Dean, 2011).
Hard engineering structures are generally designed to stabilize the
shoreline of a migratory inlet and to prevent longshore moving sand
from settling into the inlet channel. An inlet can be stabilized by
building a seawall along the barrier island shoreline, as is the case at
John's Pass (Fig. 2, left panel). Jetties are often constructed to prevent
sedimentation from longshore sediment transport as well as to reduce
sedimentation through the focusing, or jetting, of ﬂow through the
channel. The increased velocity in a jettied inlet can increase the
ﬂushing capacity, however, it may also result in excessive channel scour
that is not desirable under some circumstances, such as scour around
bridge pilings or other navigation structures. Additionally, jetted ﬂow
beyond the jetty tips can modify the natural sediment bypassing patterns. For the case of John's Pass (Fig. 2), two jetties stabilize the inlet
channel that a bridge spans. Increased tidal ﬂow due to an artiﬁcially
reduced cross section can contribute to additional bridge pier scour,
deepening of the inlet channel, coarsening or hardening of the channel
bottom substrate, and deposition of jetted sediments to deeper open
water.
The estuarine basins that one or multiple inlets serve are also important features that may be heavily manipulated through anthropogenic activities. Engineered structures may be constructed to channelize ﬂow within the estuary, or protect infrastructure such as ports
and harbors or habitat from wind-generated waves. These structures
may modify the tidal- and wave-generated ﬂow ﬁeld, and subsequently
the morphology of the estuary, as well as the inlet and adjacent beaches. Critical impacts to the management of sediment in barrier-inlet
systems often occur as a result of the removal and placement of sediment or land reclamation within the estuary. Large-scale changes in the
size, topography and bathymetry of a basin can modify the tidal symmetry and prism, and may inﬂuence the total sediment budget of the
interconnected delta features of one or multiple tidal inlets.
Engineering activities along barrier island beaches recently have
focused on soft engineering approaches that restore beach width and
functionality (Dean, 2002). Beach nourishment is by far the most
commonly utilized soft engineering method in the U.S. due to the often
minimal negative impacts to adjacent beaches. However, by introducing a large amount of sand into the coastal littoral system, beach
nourishment can have negative impacts to tidal inlets in terms of navigation simply because the sand may be transported and deposited in
the inlet channel (Beck and Kraus, 2011). In recent decades, several
locations have received regular sediment nourishment in the form of a
nearshore berm, i.e., placing sediment in the nearshore area instead of
directly on the beach (Beck et al., 2012), including multiple berm in
Florida and one in southwestern Texas. Nearshore berm placement can
be beneﬁcial for several reasons, the most common one being that the
sediment quality does not meet the requirement for beach placement
(Brutsché et al., 2014a). Ecological constraints may also lend to the
decision for nearshore placement over a beach ﬁll project (Brutsché
et al., 2014b). Similar to a beach ﬁll, nearshore berm nourishment can
also negatively aﬀect inlet navigability due to increased sediment
supply in the nearshore area.
As global sea level continues to rise, a direct consequence associated
with estuaries may be the increased bay areas and subsequently tidal
prism, which may lead to greater inlet tidal delta volume, and a landward migration of the barrier-island systems (FitzGerald et al., 2006,
2008). From a sediment budget point of view, increased tidal delta
volumes may result in sand deﬁcits along barrier island beaches. Performance of past and present engineering activities needs to be evaluated under the likely scenario of accelerated rising sea levels. One
issue that has become urgently pressing is the increasingly limited sand
resources for beach nourishment (BOEM, 2017; Ousley et al., 2012;
Roelvink, 2015), highlighting the need for eﬃcient and balanced regional sediment management.

2.3. Engineering activities at a barrier-inlet system
In general, engineering activities at tidal inlets attempt to achieve
two goals: to protect and restore coastal infrastructure and habitat, and,
to ensure and improve navigation safety. These two goals are often
conﬂicting, e.g., navigation work may induce negative impacts on an
adjacent shoreline, while beach nourishment along an inlet-adjacent
shoreline may increase channel inﬁlling (or, shoaling). In the past, these
goals were often achieved at the project scale, which have sometimes
led to negative impacts elsewhere in the barrier-inlet and regional
system. The practice of regional sediment management seeks to minimize negative consequences through a systems approach considering
adequate temporal and spatial scales. In the following, individual engineering activities commonly conducted at a barrier-inlet system are
discussed to provide background knowledge for the subsequent discussion on systematic approach.
Engineering activities directly at tidal inlets are typically aimed at
ensuring navigation safety. Both soft and hard engineering approaches
may be utilized. A typical soft engineering approach is to dredge the
inlet channel to make it deeper and wider. Often, the dredging operation is conducted repeatedly, also referred to as maintenance dredging,
and is therefore associated with recurring costs. Dredging of a new
channel position and orientation is often performed for inlets with an
alongshore migratory behavior, temporarily disrupting sediment
35
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and Kraus, 2004), Cascade (Larson et al., 2006), GenCade (Frey et al.,
2012), Unibest CL+ (Deltares, 2011), and Litpack (DHI, 2009).
At the heart of every RSM plan for the coast lies a sediment budget
that balances the entire sand-sharing system. A sediment budget is a
balance of volumes (or volume rate of change) for sediments entering
and leaving a selected region of coast, a barrier-inlet system in the case
here (Rosati, 2005). A balanced sediment budget is probably the most
informative and eﬀective bridge linking together all of the interests of
RSM stakeholders. A sediment budget is a tallying of sediment gains
and losses, or sources and sinks, among a series of connected cells over
a given time (Rosati and Kraus, 1999; Rosati, 2005). For the case of
RSM, aligning the overall budget area with the deﬁnition of the region
ensures accounting of all relevant sediment sources and sinks.
A sediment budget can be calculated directly from time-series topography and bathymetry surveys. When topography/bathymetry data
with adequate temporal and spatial coverage are not available, a sediment budget can be estimated using other indirect data sources or
using empirical or numerical models. Volume change can be calculated
from assuming a shape of the beach proﬁle and an assessment of timeseries shoreline change obtained from historical aerial photos. Sediment
budget datasets, such as topography/bathymetry or aerial photos, must
be carefully evaluated within the context of regional processes, e.g.
subsidence. In some barrier-inlet systems, depositional features may
experience erosion or accretion at rates similar to regional or geologic
scales, masking the volumetric diﬀerences there (Van der Muelen et al.,
2007).
All the above tools may be applied and compared to develop as
accurate a sediment budget as possible. Computed sediment transport
rates based on various empirical formulas may also be used to formulate a sediment budget, although they can be associated with large
uncertainties due to limitations in input data and assumptions, as well
as the availability of sediment. Computing sediment transport rates at
tidal inlets is complicated due to the combination of bi-directional
currents and both breaking and non-breaking waves, which refract and
diﬀract over complex bathymetry, as well as interact with engineering
structures. Kraus and Rosati (1998) provided several methods for estimating uncertainties associated in the formulation of sediment budgets
at inlets. Walton et al. (2012) discussed the challenges and limitations
in formulating an accurate sediment budget, particularly those related
to assumptions associated with budget development.
The morphodynamic function of the whole barrier-inlet system can
often be viewed as dependent upon successful inlet bypassing of longshore moving sand, including considerations for inlet-basin dynamics as
well as engineering actions such as dredging and placement of sediment
in the beach and nearshore. An analytical model may use estimated
rates of net longshore sediment transport, regional beach erosion rates,
and growth rates of ebb/ﬂood-tidal deltas about an equilibrium value to
evaluate a long-term exchange between beaches and inlets (Rosati and
Kraus, 2009).
Beck and Legault (2012) and Legault et al. (2012) oﬀer a technical
approach at a project scale, which evaluated an optimal volume of
mined inlet shoal sediment that could be used to supply adjacent beach
nourishment projects without adversely aﬀecting (a) long-term shoal
evolution, (b) wave ﬁeld on adjacent beaches, and (c) inlet navigability.
A similar study by Walton and Dean (2011), evaluated maintenancedredging scheduling of the same inlet through an analytical solution of
the Pelnard-Considere equation applied to measured shoreline change
rates. The analysis by Walton and Dean (2011) suggested that shorter
interval dredging and placement of smaller volumes was an optimal
approach to avoid detrimental eﬀects to the adjacent beaches, whereas
Beck and Legault (2012) emphasized the longest ebb-tidal delta dredging cycle optimized by the volumetric limit that would not result in
collapse of the functional sediment bypassing pathways of the tidal
inlet.
Empirical relationships between the ebb- and ﬂood-tidal delta and
inlet cross-sectional areas can provide insights on the equilibrium

Dean and Houston (2016), Houston (2015, 2017), and Houston and
Dean (2016) developed a methodology for projecting long-term impacts
of sea-level rise on to shoreline change over regional scales from a sediment budget perspective that includes inlets and barrier islands. They
hypothesized that the application of the Bruun rule (Bruun, 1962) in
combination with projections of sand sources, sinks, longshore transport gradients, and onshore transport from the continental shelf would
provide a budget of sediment for regional coastlines.
2.4. Morphodynamics methods and tools supporting regional sediment
management
Perhaps the greatest advancement in scientiﬁc research and engineering of barrier-inlet system in recent years is the improved temporal and spatial capability in numerically modeling morphodynamics.
Evaluation of tidal inlet processes within the context of a regional
framework is not a simple task, and often requires the application of
process-based hydrodynamic and morphodynamic models and regionalscale, long-term morphodynamic analysis. Morphodynamic analyses
conducted at tidal inlets are often based on comparison of time series
aerial photographs, bathymetry, and shoreline positions (FitzGerald,
1984, 1988). These types of analyses depict qualitative or semi-quantitative trends of morphological form and evolution, and provide valuable insights on barrier-inlet system morphodynamics.
Hydrodynamic, sediment transport, and morphodynamic modeling
is the modern approach often taken to quantitatively examine various
aspects of morphodynamics in barrier-tidal inlet systems (De Swart and
Zimmermann, 2009; Dissanayake et al., 2011; Elias et al., 2006; Eysink,
1993; Hibma et al., 2008; Sha and Van den Berg, 1993; van der Wegen,
2013). A distinct advantage of numerical analyses is the ability to
conduct systematic testing of the various processes on barrier-inletbeach morphodynamics (Roelvink and Reniers, 2011). A major challenge of the numerical modeling approach is the calibration and veriﬁcation of computed sediment transport and morphology change.
There are also limitations in up scaling a model validated for a speciﬁc
temporal and spatial extent to more general relationships describing
steady state, equilibrium, or long-term processes.
For RSM studies, it is necessary to couple dredging and placement
operations at tidal inlets and barrier islands in a regional context to
quantify sediment exchange among large-scale features over the long
term. Two commonly used process-based numerical models in the U.S.
are DELFT3D (Lesser et al., 2004) and the Coastal Modeling System
(CMS) (Reed et al., 2011). DELFT3D has been applied to simulate
coastal systems (e.g., Elias et al., 2012a). The CMS is an integrated suite
of numerical models for simulating ﬂow, waves, sediment transport,
and morphology change (Buttolph et al., 2006; Larson et al., 2011; Lin
et al., 2011; Sanchez et al., 2014, 2016). The CMS has been broadly
used by the USACE and other researchers/practitioners in quantifying
tidal inlet processes (e.g., Demirbilek et al., 2015a; Demirbilek et al.,
2015b). Wang et al. (2011), Wang and Beck (2012), and Wang et al.
(2015) applied the CMS to simulate the hydrodynamics, sediment
transport, and morphology changes at several tidal inlets in west-central Florida, as discussed in the following case studies.
Aggregate models often address larger scale exchange of sediment
between large features, making them useful scoping tools for RSM.
These models can simulate large-scale processes deterministically or
heuristically. Example models include the Inlet Reservoir Model (Kraus,
2000, 2001), SedBox (van Rijn, 2015), and the Aggregated Scale Morphological Interaction between a Tidal inlet and the Adjacent coast
model, ASMITA (Stive et al., 1998; Stive and Wang, 2003).
At a ﬁner resolution as compared to aggregate models, shoreline
models computing 1D or 2D shoreline changes oﬀer inclusion of more
processes with ﬁner spatial resolution. These models compute sediment
transport along a shoreline or several contour lines. Commonly applied
numerical models for shoreline change and longshore sediment transport include Genesis (Hanson and Kraus, 1989) and Genesis-T (Hanson
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barrier island (Sand Key), a large portion of which is nourished every
5–7 years since the 1980s. A considerable amount of the sand that is
placed up to 15 km north of the inlet is transported south, in the net
direction of longshore sediment transport, and deposited on the John's
Pass ebb-tidal delta. John's Pass is separated from the next inlet to the
south, Blind Pass, by the 5-km long Treasure Island. John's Pass was
opened through a breach by a hurricane in 1848, after which it grew
and stabilized. As the growing John's Pass captured more and more
tidal prism, the neighboring Blind Pass was destabilized and migrated
rapidly to the south and was eventually artiﬁcially stabilized. John's
Pass presently carries 81% of the tidal prism (Horwitz, 2017). These
two inlets are still hydraulically connected, therefore, a RSM study
would need to consider both John's Pass and Blind Pass as one barrierinlet system because activities at one inlet would have signiﬁcant inﬂuence on the other one.
As a federally-maintained channel, navigation safety comprises a
major concern and a high priority. The ﬁrst structure at John's Pass was
a bridge constructed in the late 1920s. Fig. 4 illustrates time-series
aerial photographs of John's Pass from 1926 to 2010. The bridge has
since been replaced twice due to bed scour at the piers. Maintenance
dredging of a shore-perpendicular entrance channel to John's Pass has
been conducted ever 5–7 years since the 1960s to reorient the tidal
inlet's main ebb channel.
Following the construction of the bridge, development on the barrier islands occurred including converting the back-barrier mangrove
swamp into structured islands (seawalls) and ﬁnger channels, as illustrated on the 1945 and 1957 aerial photos (Fig. 4). Construction of
these artiﬁcial islands had resulted in a 20% area reduction of the backbay serving both John's Pass and Blind Pass, and a corresponding reduction of tidal prism for both inlets. Along with the barrier island
development, various inlet stabilization structures were constructed
including extensive seawalls along the inlet channel and the back side
of the barrier island. Jetties were installed along both sides of the inlet
and have been extended seaward a few times (Loeb, 1994). The construction of seawalls and jetties has eﬀectively anchored not only the
inlet but also the barrier islands. The construction and subsequent extensions of the jetties from 1960s to 2000s had signiﬁcant inﬂuence on
the adjacent beaches as the ﬁllet have since extended to the jetty tips on
both sides of the inlet (Fig. 4, 2010 image).
All of these hard engineering projects were constructed to achieve

volumes of major sediment bodies in a barrier-inlet system (Bruun,
1978; Bruun and Gerritsen, 2005; Powell et al., 2006). Bay areas and
tidal range determine tidal prism, or the discharge at tidal inlets, which
is the basis for the above equilibrium analyses. Powell et al. (2006)
summarized equilibrium relationships between ebb-tidal delta volume
and tidal prism, suggesting that the sum of ebb- and ﬂood-tidal delta
volumes are on the same order of magnitude with tidal prism. Incorporating net onshore-oﬀshore sediment transport and relative sealevel rise, which may inﬂuence the computation of ﬂood- and ebb-tidal
delta volumes, can reduce the uncertainty in accounting for these factors in long-term sediment budgets.
3. Case studies on management strategies for barrier-inlet systems
with diﬀerent morphodynamics
As discussed above, the relative dominance of wave and tide energy
control the morphodynamics of barrier-inlet systems. RSM strategies
must properly consider and cope with variable tidal inlet morphodynamics and sediment bypassing mechanisms so as not to negatively
interrupt the often complicated pathways for sand to be transported
from one side of an inlet to another. In this section, case studies at two
west-central Florida barrier-inlet systems are discussed to illustrate the
spatially variable morphodynamics with diﬀerent sediment pathways,
bypassing mechanisms and degrees of engineering control.
Inlet management studies for two barrier-inlet systems along the
west-central Florida coast were recently performed (Fig. 3). The case
studies demonstrate the application of many of the morphodynamic
methods and tools described above. A sediment budget for each of the
barrier-inlet system is investigated to demonstrate the challenges involved in developing a regional sediment budget at a multi-inlet system
for the purpose of managing sediment at each individual inlet. These
case studies serve to illustrate the challenges of expanding temporal and
spatial scales in RSM studies and the compromises made as limited by
existing knowledge and data.
3.1. Management at an artiﬁcially stabilized, mixed-energy inlet
John's Pass, the northern-most inlet in the west-central Florida study
area, provides an example of a heavily structured and stabilized mixedenergy inlet (Fig. 3). It is located at the south end of a 22-km long

Fig. 3. Location map for a regional sediment management case study of four tidal inlets, John's Pass, Blind Pass, Pass-a-Grille, and Bunces Pass, within a barrier inlet
system in west-central Florida (lower right inset). Photo source: Google Earth.
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Fig. 4. Time-series aerial photographs of John's Pass, Florida, spanning 1926 to 2010. Note the dredge and ﬁll development activities ﬁlled substantial portions of the
bay in the 1940s and 50s, and the attachment of the crescent-shaped shallow shoal and attachment in the 1970 image. Source: University of South Florida.

considered together hydrodynamically. Actions at John's Pass should
not adversely impact the tidal prism at Blind Pass and vice versa.
Blind Pass migrated southward over 2 km from 1885 to 1926 after
the opening of John's Pass, and was stabilized by a series of hard engineering structures beginning in 1937 when the ﬁrst seawall was installed along the downdrift (south) side of the inlet (Fig. 5). Over the
next 30 years, the inlet was completely anchored by the construction of
seawalls and jetties (Loeb, 1994), culminating in the sand tightening
(i.e. decreasing permeability of the jetty) and raising of the north and
south jetties in the late 1970s and early 1980s. Similar to the case of
John's Pass, all the hard engineering activities were conducted without
a RSM framework. A consequence of these activities is the chronically
eroding downdrift Upham Beach as apparent from the aerial photos
after 1985.
Migratory inlets are typically dominated by longshore sand transport in one direction, southward in the case of Blind Pass. The stabilization of a migratory inlet typically results in an interruption of the
continuity of longshore sand transport. The depletion of sand supply to
the downdrift beach leads to chronic erosion as evident from the aerial
photos of 1985, 1995, and 2004 (Fig. 5). In the meantime, the inlet
entrance channel impounded the longshore moving sand as apparent in
the 1985 and 2004 photos, imposing risks for navigation safety. An
apparent management solution is to dredge the sand that is deposited in
the vicinity of the inlet and place it along the downdrift beach. This
artiﬁcial sand bypassing has been conducted at Blind Pass since the
1990s, with various areal extents of the dredging template removing
50–100% of the ebb-tidal delta. Other borrow sites have been used
when the sand in the inlet channel was not adequate to nourish the
downdrift beach. It is likely that Blind Pass would have closed if it were
not artiﬁcially held open by periodic dredging in addition to stabilizing
seawalls and jetties.
The design of the entrance channel and ebb-tidal delta dredging at
Blind Pass have evolved over time as the concept of RSM was incorporated. Wang et al. (2007) illustrated that the development of Blind
Pass ebb-tidal delta has been hampered by the periodical dredging of
nearly 100% of the sand that was impounded by the inlet. Based on
their ﬁndings, the 2010 dredging of Blind Pass included only the entrance channel landward of the tip of the north jetty, with the goal of
allowing the ebb-tidal delta to fully develop and bypass sediment
through natural processes.

local project goals of navigation channel and shoreline stabilization
without the concept or a framework of RSM. A likely unforeseen consequence of these individual changes was the change of overall John's
Pass morphology from an oﬀset inlet (Fig. 4, 1957 image) to a nearly
straight inlet (Fig. 4, 2010 image) and inﬂuences on the stability of
Blind Pass.
John's Pass has been dredged numerous times since 1960 (Loeb,
1994) to ensure navigation safety of the federal channel. Dredging
placement practices since 1960 have reﬂected the evolution of coastal
management, mostly focused on a local scale. For the two earliest
dredging projects in 1960 and 1966, the approximately 140,000 m3 of
sand, then considered as dredge spoil, was placed on the southern ﬂank
of the ebb-tidal delta as a nearshore berm which bears similarities to a
swash bar. Driven by natural processes, much of the material was reorganized and formed a crescent-shaped sand bar and moved onshore
and eventually attached to the northern part of Treasure Island to the
south of the inlet, as illustrated in the 1970 aerial photo (Fig. 4). The
crescent-shaped sand bar attached to the beach resulting in an enclosed
lagoon, which was later artiﬁcially ﬁlled in the 1970s and early 1980s
due to environmental water quality issues. Sand from subsequent
dredging projects after the 1970s was used to nourish the beach directly
adjacent to the inlet. This soft engineering sediment removal and placement practice was solely focused on beneﬁcial-use of dredged materials to address adjacent shoreline erosion and did not adequately
consider the overall regional requirements of sediment bypassing and
sand-sharing at a regional scale although no apparent negative impacts
were identiﬁed.

3.2. Management at an artiﬁcially stabilized, wave-dominated migratory
inlet
Blind Pass, located in west-central Florida (Fig. 3), provides an example of a heavily structured and stabilized migratory inlet. The morphodynamics of Blind Pass are signiﬁcantly inﬂuenced by John's Pass
since they share the tidal prism of the same bay. The initiation and
migration of Blind Pass can be attributed to the opening of John's Pass
by a hurricane in 1848. The capture of tidal prism by John's Pass reduced the tidal forcing at Blind Pass, and hence relatively increased the
wave forcing and transitioned Blind Pass from a mixed-energy inlet to a
wave-dominated migratory inlet. Therefore, these two inlets should be
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Fig. 5. Time-series aerial photographs of Blind Pass, Florida, spanning 1926 to 2006. Note the dredge and ﬁll development activities ﬁlled substantial portions of the
bay in the 1950s, and the deterioration of the large bypassing bar after the 1969 photo. Source: University of South Florida.

series bathymetry. The net transport calculated for downdrift beaches
was estimated to be 25,000 m3/yr.
At a larger scale, an annualized, multi-inlet sediment budget was
developed for the time period of 2010–2014, including the updrift Sand
Key beaches, John's Pass, Treasure Island beaches, Blind Pass, and Long
Key beaches to the south (Fig. 8). It is acknowledged here that the
period 2010 to 2014 is quite short, and may miss longer-term trends
and processes. The short duration was selected for two primary reasons:
1) there was detailed topo-bathymetry data available at the sub-feature
level (Figs. 6), and 2) this period also captured the cycle of recent
management activities including channel dredging and beach nourishment projects. A longer term sediment budget has been developed by
CPE (1992) and CTC (1993).
Applications of this sediment budget should fully consider this
limitation in temporal scale, a common challenge in RSM studies.
Although this short-term budget may miss longer-term trends and
changes, it was recommended for the development of the inlet management plan because of the accuracy in detailed management activities. A major limitation of this short-term budget is that it is based on
the existing management strategy, assuming that a similar cycle of
activity will continue into the future. This budget would have limited
application if a brand new management approach is considered for the
John's Pass and Blind Pass system.

3.3. Sediment budgets and regional considerations for the John's Pass and
Blind Pass barrier-inlet system
In the recent inlet management studies for John's Pass and Blind
Pass, we attempted to incorporate a regional concept in the study,
particularly concerning the development of a sediment budget. Blind
Pass was included in the John's Pass inlet management study because it
serves the same back-bay. Sand Key, located to the north of John's Pass
(Fig. 3), receives periodical beach nourishments and is a considerable
sediment source inﬂuencing both inlets due to the net southward
longshore sand transport. Long Key, located to the south of Blind Pass
(Fig. 3), receives a signiﬁcant amount of beach nourishment sand and
thus was included in the local study area budget for the inlet management plan.
Based on time-series analysis of bathymetric change and beach
proﬁle data from 2010 to 2014, an annualized sediment budget was
developed for John's Pass and adjacent beaches. Fig. 6 also includes an
annualized sediment volume calculation of the John's Pass tidal inlet
features (right panel), oﬀering sediment inﬁlling rates for ebb-tidal
delta mining activities. The ebb-tidal delta, as a whole, is gaining
73,000 m3/yr of sand mostly from southward longshore sand transport
and updrift beach nourishments. There is nominal exchange of sediments with the ﬂood-tidal delta and the inlet budget assumes no sediment exchange with the oﬀshore area beyond the depth of closure
based on the time-series bathymetry data. A bypassing rate of
54,000 m3/yr was calculated for John's Pass (Fig. 6, left).
The growth rate of Blind Pass ebb-tidal delta since the last full scale
dredging in 2000 is illustrated in Fig. 7. Distinct morphological characteristics associated with sediment bypassing, i.e., a shallow terminal
lobe and downdrift swash bars, can be identiﬁed from the aerial photo
and the recent bathymetry. The ebb-tidal delta as a whole, gained
52,000 m3/yr of sand from the southward longshore sand transport and
beach nourishments on Treasure Island as well as the frequent beach
nourishments at the chronically eroding, downdrift Upham Beach (Elko
and Wang, 2007). The entrance-channel interior shoal, which gained
approximately 24,000 m3/yr, is used for adjacent beach nourishments.
Blind Pass has no appreciable ﬂood-tidal delta. This budget also assumed no signiﬁcant amount of sand exchanged between the nearshore
and oﬀshore area below the depth of closure, as conﬁrmed by time-

3.4. Management at a partially-structured mixed-energy inlet
Pass-a-Grille inlet, located about 7 km north of the main entrance to
Tampa Bay, provides an example of a partially-structured, mixed-energy inlet (Fig. 3). As part of the complex entrance to Tampa Bay, Passa-Grille is a relatively small inlet to the north of the main entrance
channel. The updrift (northern) side of the inlet and associated barrier
island (Long Key) are stabilized with a jetty and seawalls around the
barrier island. The downdrift (southern) side of the inlet had historically abutted a natural, shallow and open mangrove estuary that has
since shoaled into a brand new barrier island, Shell Key, over the past
40 years (Fig. 9). The emergence of Shell Key led to the closure of a
signiﬁcant branch of the exit channel referred to as Pass-a-Grille South
Channel (Fig. 9).
Determining the spatial domain of the inlet management study for
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Fig. 6. Left: An annualized sediment budget for John's Pass and adjacent beaches in m3/yr. Right: Annualized sediment volume changes for John's Pass tidal inlet
morphological features and engineering actions (e.g. dredging templates) illustrating that the largest gains are along the updrift channel margin linear bar and
downdrift nearshore platform. (2010 image from Google Earth.)

tidal delta at Shell Key can be identiﬁed on the 2002 aerial photo
(Fig. 9). The bypassed sand was transported north and south of the
attachment location, resulting in beach accretion along the southern
half of Shell Key and the eastward growth of the inlet-interior spit along
the northern end of the island.

Pass-a-Grille in the context of RSM was challenging due to its location
at the mouth of Tampa Bay. The closed South Channel and Bunces Pass
south of Shell Key should obviously be included (Fig. 9). It may not be
necessary to include Blind Pass to the north because the substantial land
barriers within the bay including causeways and developed islands
(Fig. 3) limit the hydrodynamic connection of these two inlets. The
main entrance to Tampa Bay was not included in the morphologychange modeling and sediment-budget analyses because of the limitations of funding and time requirement. This constitutes a main challenge for RSM study. However, improvements in technical capabilities,
particularly the capabilities of numerical models, can remove constraints on temporal and spatial scales of studies.
Development along the southern end of Long Key started around the
1920s and is among the earliest modern human development along the
barrier islands of west-central Florida (Fig. 9, 1945 photo). Inlet and
beach stabilization structures, including a jetty, a groin ﬁeld, and seawalls along the north side of Pass-a-Grille inlet, were constructed
mostly in the 1950s and 1960s. In the late 1960s and 1970s, human
development of the mangrove islands was initiated to the east of the
inlet entrance. These residential developments, which started in the late
1960s and ended mostly in the late 1980s, included dredge and ﬁll
operations to create water-front properties and the construction of
seawalls, causeways and bridges. Similar to the case of John's Pass, the
above hard engineering projects were not conducted with a framework
of RSM.
Pass-a-Grille inlet has a relatively large ebb-tidal delta, with a volume of approximately 5.5 × 106 m3 based on a recent survey in 2016.
The ebb-tidal delta has been used as a borrow area for several beach
nourishment projects. A dredged mining area over the northern ﬂank of
the ebb-tidal delta is visible in the 2002 aerial photo (Fig. 9). The Passa-Grille navigation channel has been stable since the last channel
dredging in 1966. Despite the active sedimentation leading to the formation of Shell Key and closure of the Pass-a-Grille South Channel, no
additional maintenance dredging at the Pass-a-Grille navigation
channel was conducted. An attachment point of the Pass-a-Grille ebb-

3.5. Management at a natural, mixed-energy inlet
Bunces Pass, located about 5 km north of the main entrance to
Tampa Bay, is a pristine, natural mixed-energy inlet that serves part of
the tidal prism of Tampa Bay (Fig. 3). Despite the substantial morphology changes in the vicinity of the inlet over recent decades, such as
the formation of Shell Key to the north and emergence of a large sand
body to the south, the main channel has remained stable (Fig. 10). The
conﬁguration of the channel has not changed substantially since the
ﬁrst relatively detailed navigation chart of the area was produced in
1873, suggesting that the strong tidal currents driven by the large tidal
prism have maintained a deep and stable main channel. Except for a
distinctive, shallow terminal lobe (Fig. 10), Bunces Pass demonstrates
many characteristics of a tide-dominated inlet including large updrift
and downdrift channel margin linear bars and a shore-perpendicular
main ebb channel.
Except for a bridge located about 3 km landward of the entrance,
Bunces Pass does not have any hard engineering structures. The large
and shallow ebb-tidal delta has a volume of approximately
8.9 × 106 m3 (based on a recent survey collected in 2017) and has not
been used as a sand source for beach nourishment. This largely beneﬁts
from the fact that Bunces Pass is adjacent to a County Park on the
downdrift Mullet Key, and that there are other sand resources available
across the large Tampa Bay ebb-tidal delta complex (Fig. 3). The
morphodynamics of the stable, mixed-energy Bunces Pass include
characteristic swash bar development along the downdrift (southern)
ﬂank of the ebb-tidal delta. These large, often crescent-shaped swash
bars migrate onshore and eventually attach to the shoreline over a
period of roughly 30 years (Sandoval, 2015).
40

Ocean and Coastal Management 177 (2019) 31–51

T.M. Beck and P. Wang

Fig. 7. An annualized sediment budget for Blind Pass and adjacent beaches based on datasets from 2010 to 2014 (m3/yr). (2010 image from Google Earth.)

assumption for temporal averaging is that the rate of change is reasonably constant over the averaging period. Furthermore, when applying the sediment budget to predict future changes it is assumed that
the rate remains similar in the future. In other words, no signiﬁcant
equilibrium thresholds of morphodynamic change have been crossed. If
these assumptions do not hold, caution should be taken and clariﬁcation made to ensure that the uncertainties are clearly stated.
The constant change-rate assumptions are only conditionally true at
Pass-a-Grille inlet and its ebb-tidal delta. The development of an entire
barrier island and the closure of a signiﬁcant branch of the exit channel
indicate that several thresholds in hydrodynamics and morphodynamics have been crossed over the past 40 years. Another commonly
used simpliﬁcation in sediment budget formulation is that if the

3.6. Sediment budgets and regional considerations for the Pass-a-Grille and
Bunces Pass barrier-inlet system
Comparing to the John's Pass and Blind Pass case as discussed
above, formulating a sediment budget for the Pass-a-Grille and Bunces
Pass inlet system is much more challenging because of the complex
morphology changes and barrier island development in the past 70
years, as illustrated by the time-series aerial photos (Figs. 9 and 10).
Additionally, there is a lack of detailed time-series bathymetry data for
these inlets.
Sediment budgets are typically formulated in terms of annualized
sediment volume change rates averaged over a determined period
ranging from several years to several decades. An underlying
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Fig. 8. Generalized sediment budget for the John's Pass, Blind Pass, and islands of Sand Key (southern half), Treasure Island, and Long Key. Volumes are given in m3/
yr, and 300-m spaced range monuments for each island are denoted along the island beaches (in black).
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Fig. 9. Time series aerial photographs of the Pass-a-Grille and Bunces Pass tidal inlets including Long Key to the north, Mullet Key to the south, and the formation of
Shell Key beginning in the 1970s.

seaward boundary is deﬁned at the closure depth then the sediment ﬂux
across the boundary would be zero or negligible, as is the case for
John's Pass and Blind Pass.
The commonly used simplifying assumptions of constant change
rate and negligible net cross-shore sediment transport need to be

carefully considered when formulating a sediment budget at Pass-aGrille and Bunces Pass. The development of Shell Key (Fig. 9) between
two large inlets indicates a net onshore sand transport. Concurrently,
nearly simultaneous net onshore sand transport also occurred south of
Bunces Pass (Fig. 10). These suggest that the net onshore sand transport

Fig. 10. Time series aerial photographs of Bunces Pass (north) and Mullet Key, illustrating the cyclical migration and attachment of large shoal to the northern end of
Mullet Key.
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Fig. 11. Annualized sediment volume accumulation along Shell Key (north) and Mullet Key (south), Florida, for the period of 1966–2016.

Therefore, the Pass-a-Grille and Bunces Pass inlets and their ebb-tidal
delta budgets were developed for the 20-year period from 1998 to 2017
based on the bathymetry surveys from these two years (Fig. 12). The
volume changes along the beaches were estimated based on short-term
beach proﬁle surveys and shoreline changes depicted from time-series
aerial photos. Consistent with the development of Shell Key, the ebbtidal delta is gaining a considerable amount of sand from oﬀshore
sources. Based on this budget, it was concluded that the Pass-a-Grille
ebb-tidal delta could continue to be used as a borrow site for beach
nourishment.
The development of a sediment budget at Bunces Pass (Fig. 12)

is driven by a large-scale process, such as wave-induced, continental
shelf transport of relict depositional features associated with the former
channel complex between Pass-A-Grille and Bunces Pass. An estimated
sediment accretion volume was developed for Shell Key and Mullet Key
(Fig. 11). This estimate, spanning 50 years during which Shell Key was
formed, was based on bathymetry surveys conducted in 1966 and 2016.
The elevation baseline for the above analysis is the roughly the mean
sea level, and the volume gain represents that above this level.
Shell Key was mostly developed by 1998. It is then assumed that the
longshore sediment transport rate and pattern since 1998 will remain
reasonably constant and represent the pattern in the near future.
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Fig. 12. Sediment budget (m3/yr) for Pass-a-Grille and Bunces Pass tidal inlets, Florida, for the time period of 1998–2017.

solution that meets basic RSM objectives. Alternatively, beach and estuary preservation managers may seek out sediments from estuarine or
navigation channel sources for various needs, thereby sharing sediment
within the system. However, the beneﬁts to practicing RSM with a clear
understanding of barrier-inlet system morphodynamics are not as
straightforward.
The following discussion focuses on the case studies from the multiple-inlet system in west-central Florida and oﬀers several challenges,
lessons learned, opportunities for improvement, and potential application to other systems. Speciﬁc additions to improve RSM planning include quantifying tidal inlet sediment bypassing processes. Future
management plans will inevitably need to prioritize longer-term processes beyond the next few decades. Finally, a Regional Sediment
Management Decision-Support Framework for barrier-inlet systems is
presented.

follows the same scheme as that of Pass-a-Grille inlet as discussed
above. The ebb-tidal delta is gaining a modest amount of sand from
oﬀshore sources. Therefore, the Bunces Pass system could be used as a
reserve for sand resources. However, since the entire system is largely
pristine (and adjacent to a County Park and Ecological Preserve), the
inlet is stable and the downdrift beach accretes and erodes through the
natural process of shoal avulsion with limited to no risk to existing
infrastructure. Therefore, the overall recommendation for Bunces Pass
system was to let nature takes its course. Because the 1998 bathymetry
survey did not have adequate spatial resolution, a more detailed budget
of various morphological features, as the case for John's Pass and Blind
Pass, could not be formulated.
Implementing RSM at Pass-a-Grille and Bunces Pass barrier-inlet
system is more diﬃcult than that at John's Pass and Blind Pass due to
more complicated morphodynamics. Limited by the existing bathymetry data, the sediment budget for the Pass-a-Grille and Bunces Pass
system has lower spatial resolution and higher uncertainty as compared
to that for John's Pass and Blind Pass. However, due to the far less hard
engineering structures at Pass-a-Grille and Bunces Pass system, the
management strategies are less controlled by existing conditions.
Similar to the John's Pass and Blind Pass case, potential long-term trend
associated with sea-level rise was not included.

4.1. Management of tidal inlet sediment bypassing
Tidal inlets tend to interrupt and impound alongshore moving sand
and form ebb and ﬂood-tidal deltas. Engineering activities aiming at
maintaining or improving navigation safety often result in further interruption of the longshore transport. Therefore, a major task of RSM at
a barrier-inlet system is to managing the sediment bypassing across
tidal inlets. Understanding and coping with the mechanisms that move
sand from one side of the inlet to the other side (i.e. sediment bypassing) is a key issue that must be addressed in RSM planning. This
section discusses the processes of sediment bypassing for diﬀerent types
of barrier-inlet systems based on the FitzGerald et al. (2000) conceptual
models and the case studies described above, and, oﬀers some considerations regarding the management of tidal inlet sediment bypassing.
FitzGerald (1982, 1984, 1988) and FitzGerald et al. (2000) furthered Hayes (1979) discussion on dominant sediment bypassing mechanisms and developed six conceptual models (Fig. 13). These

4. Discussion
A variety of management objectives, often initiated by one resource
agency proponent, are reﬁned as the stakeholder team formulates and
improves the initial RSM objectives. For many early RSM projects developed for barrier-inlet systems, connecting navigation dredging requirements to sand placement needs saved on funding requirements
with the beneﬁt of keeping sediment within the littoral system. For
example, the navigation proponent agency's requirement to dredge
littoral sediments and mechanically bypass them downdrift to assist
with other coastal protection and restoration concerns is a cost-eﬃcient
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Fig. 13. Six classiﬁcations of dominant morphodynamics and sediment bypassing processes at natural tidal inlets (FitzGerald et al., 2000). The original models by
FitzGerald were developed through analysis of time-series aerial photographs illustrating the positions of geomorphic features (e.g. shoals) as they become emergent
and migrate across the inlet ebb-tidal delta platform.

wave-dominated migratory inlet. Relatively strong longshore sand
transport results in the growth of a barrier spit and subsequent inlet
migration. The long spit may be breached at or near the original inlet
location because it provides the highest eﬃciency for tidal ﬂow. At a
managed inlet, the breach can be executed artiﬁcially such as at Captain Sam's Inlet, South Carolina (Sexton and Hayes, 1982) and Mason

conceptual models were developed based on time-series morphological
changes observed from historical aerial photos and are generally categorized based on the morphodynamic classiﬁcations of the barrier-inlet
systems as discussed above. Due to their crucial role in RSM, the conceptual models are summarized here within the context of RSM.
Model 1 (Fig. 13) depicts the sediment bypassing mechanism for a
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management of tidal inlet sediments as resources in a regional scale
must include the fundamental concepts for sustainability, i.e., longterm stability and recovery of the various interconnected features in the
system.
Assessing the recovery of features from engineering actions typically
involves quantifying volumetric change over time towards an equilibrium state. In addition to quantifying the volumetric recovery of a
dredged channel or shoal, other factors to consider may include any
adjustment of the planform shape/area, current velocity ﬁeld, wave
ﬁeld, and sediment transport pathways (Beck and Legault, 2012). A
quantitative or semi-quantitative analysis using existing process-based
models for the above case studies was conducted, but is beyond the
scope of this paper. The recovery analyses are necessary to avoid recommending actions that signiﬁcantly disrupts existing current-wave
ﬁelds and sediment transport pathways such that the morphodynamics
of the inlet system would drastically change over short-to mediumtimeframes (Kraus, 2001). For the case of an ebb-tidal delta, drastic
change beyond a stable or equilibrium threshold induced by natural
processes and/or artiﬁcial modiﬁcations has been referred to as a
“collapse” of the shoals and is subsequently associated with the development of a new equilibrium state (Finkl, 2012). Collapse or morphological threshold exceedance at a tidal inlet system is typically not a
desired result of engineering actions.
For the case of the Blind Pass inlet management plan, not dredging
the entire ebb-tidal delta in 2000 may lead to more frequent dredging of
the entrance channel, in addition to creating a sand deﬁcit for the
downdrift beach in the short term. These results would be viewed as
negatives at a local project scale. However, allowing the natural sediment bypassing to be re-established would beneﬁt the larger region
over a longer period of time, which is a desirable outcome within a RSM
framework.
For the ebb-tidal delta dredging options for John's Pass and Pass-aGrille, issues of sediment bypassing were addressed in the inlet management plan through quantiﬁcation of rate of dredged mining area
inﬁlling, or recovery. If the dredged area is located on an eﬀective
pathway of sediment bypassing, then the area should be designed such
that it would not take too long to recover and sediment bypassing be reestablished. The interruption to sediment bypassing should not be
prolonged and irreversible. It is often not realistic that ebb-tidal delta
dredging would not have any inﬂuence on sediment bypassing. Existing
numerical models, such as CMS and Delft3D, provide eﬀective tools for
quantifying dredged mining area inﬁlling.
For the case of Bunces Pass inlet management plan, sediment bypassing was considered in the context of a nearly pristine environment,
therefore the tolerance for potential impact to natural sediment bypassing was quite low. Dredging the shallow terminal lobe as an option
to improve navigability of the inlet and to provide sand for beach
nourishment was not recommended despite the fact that the dredged
mining area can recover in several years. The Bunces Pass case also
reﬂects a change of management priority towards a RSM concept. The
shoreline along a portion of the downdrift barrier island ﬂuctuates
landward and seaward over a range of up to 300 m as part of the swashbar attachment cycle, with a period of roughly 30 years (Sandoval,
2015). Therefore, to cope with this natural sand bypassing mechanism,
the management plan recommended a 300-m buﬀer zone, which is
largely the existing situation.

Inlet, North Carolina (Cleary and FitzGerald, 2003). Once the spit is
breached, the downdrift portion of the old ebb-tidal delta attaches to
the downdrift beach, eﬀectively bypassing a large amount of sand. The
above process often repeats itself at a time scale of several years to
decades. In the case of Blind Pass, this process of sediment bypassing
was eliminated by beach nourishments and hard structures (e.g. seawalls) at the potential locations of breaching.
Model 2 demonstrates sediment bypassing at a stable tide-dominated inlet. The ebb jet ﬂushes the longshore moving sand onto the ebbtidal delta platform, forming swash bars due to wave actions (Fig. 13,
Model 2, Time 2). The swash bars grow and migrate onshore, and
eventually attach to the shoreline, with a temporal scale on the order of
tens of years (e.g. Price Inlet, South Carolina (FitzGerald, 1984)). Sediment bypassing at John's Pass follows this model, although with a
certain degree of artiﬁcial impacts due to ebb-tidal delta mining and
navigation channel maintenance dredging.
Model 3 demonstrates the sand bypassing mechanism for a mixedenergy oﬀset inlet. The curved ebb channel would lose some degree of
hydraulic eﬃciency, which may lead to a breach (Fig. 13, Model 3,
Time 2). The swash bars and/or channel margin linear bars downdrift
of the newly breached ebb channel then migrate onshore and eventually attach to the shoreline, resulting in the bypassing of sediment to
the downdrift side (Model 3, Time 3). The time scale for this bypassing
mechanism is on the order of tens of years (e.g. East Frisian Islands,
West Germany (FitzGerald et al., 1984)). The closure of the south
branch and the development of Shell Key at Pass-a-Grille inlet show
considerable similarity to this model, although the “breach” was at least
partially initiated by dredging of the main channel.
Model 4 demonstrates the sand bypassing mechanism for a mixedenergy straight inlet (Fig. 13, Model 4). Similar to Model 3, the main
ebb channel is oriented downdrift, however, the main ebb channel
would restore to its original position in the distal portion of the ebbtidal delta instead of being breached proximal to the inlet throat. Following the channel straightening, the swash bars on the ebb-tidal delta
platform may grow, migrate onshore and eventually attach to the
downdrift shoreline resulting in the bypassing of sand. The time scale
for this bypassing mechanism is on the order of tens of years as exempliﬁed by New Inlet, Cape Cod, Massachusetts (FitzGerald and
Pendleton, 2002) and Vlie Inlet, Netherlands (Elias et al., 2012b). Sediment bypassing at Bunces Pass follows this model.
Model 5 demonstrates the sand bypassing mechanism for a wavedominated migratory inlet (Fig. 13, Model 5). Although similar to
Model 1 in that the inlet migrates in the downdrift direction as forced
by the spit migration, the diﬀerence is that the breaching occurs at the
spit platform downdrift from the original inlet exit.
Model 6 demonstrates another sand bypassing mechanism for a
wave-dominated inlet (Fig. 13, Model 6). The wave-driven longshore
transport moves across the shallow ebb-tidal delta to reach the downdrift shoreline. This bypassing mechanism is relatively continuous, as
opposed to the other models with episodic events driving large change
over a given interval of time.
Managing sediment bypassing around tidal inlets often plays a
central role in RSM because it reﬂects a fundamental conﬂiction of
interest, as illustrated by the case studies. Accurately understanding
and quantifying sediment bypassing around tidal inlets is crucial to
resolve these management challenges. Often times, a compromised
decision has to be made. However, the compromised decision may reﬂect a priority shift as inﬂuenced by the incorporation of RSM strategy.
Sediment resource management for tidal inlets is typically concerned with the removal or placement of sediment bodies at various
morphological features within the barrier-inlet system, entirely or
partly. The commonly modiﬁed morphologic features are navigation
channel shoals, the ﬂood-tidal delta, spit platforms, and the ebb-tidal
delta and its sub-environments (channel margin linear bars, swash bars,
or terminal lobe). Fig. 2 (right panel) illustrates the various features of a
tidal inlet that are often used for sediment mining. Furthermore, the

4.2. A regional sediment management framework
For the case of the barrier-inlet system, RSM typically considers
multiple barrier islands, inlets, shoal complexes, estuaries and associated rivers. A region is deﬁned by the sediment transport pathways
within this interconnected physical system, although it is recognized
that the physical system and the associated ecosystem could be modiﬁed by the RSM practice and may respond to natural forcing and engineering activities beyond the spatial dimensions and time frames of
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Fig. 14. The decision support tasks relevant to a regional sediment management study for a barrier-inlet system. The tasks can be approached in a cyclical clockwise
pattern from “Deﬁne & Prioritize Objectives” to “Develop Management Plan and Iteratively Advance”.

State of Florida require that the development of an inlet management
plan be funded and conducted at an individual inlet. We argued that a
multi-inlet study is necessary, as discussed above, and, the ﬁnal inlet
management plans for each inlet were developed within a regional
context. An alignment of multiple stakeholder objectives and goals will
ultimately shape the scope of the RSM eﬀort, and therefore, inclusion of
additional stakeholders to an RSM may inﬂuence this scoping stage.
Once the objectives of the study are established and prioritized and
the “region” is deﬁned based on the barrier-inlet system approach,
background information and datasets would be compiled and analyzed.
A study on the overall geological setting is necessary to deﬁne the
physical boundaries of the region, which is crucial to, and may redeﬁne,
the spatial scale of a RSM plan (Bodge and Rosati, 2003). As discussed
above, tidal inlet hydrodynamics are functions of the tidal prism, wave
climate, background geology and sediment type. Among these factors,
the case studies focused on the morphodynamics and sediment bypassing across tidal inlets. Neighboring inlets may have a substantial
impact on the primary tidal inlet of study, such as the case of John's
Pass and Blind Pass, and therefore adjacent inlets and barrier islands
should be considered under a RSM framework.
Environmental and ecomorphodynamic considerations in RSM can
be very complex and are beyond the scope of this study. Over longer
timescales, such as centuries, the impacts of sea-level rise, storm intensity and frequency, long-term cross-shore and longshore sediment
transport patterns, regional uplift or subsidence, and regional scale
sediment supplies aﬀect tidal inlet dynamics. However, incorporating
large scale and long-term processes is challenging as limited by both
knowledge and tools, and remains an active area of research.
Identifying information gaps as they relate to the study objectives
can highlight the potential risks in the planning and design of a RSM

the region (Bodge and Rosati, 2003). Fig. 14 summarizes generalized
decision support tasks emphasizing the interconnectivity of each undertaking in the planning process. Beginning with “Deﬁne & Prioritize
Objectives”, the tasks are approached in a clockwise direction through
“Develop Management Plan and Iteratively Advance”. Subset tasks
listed under each generalized decision support task are speciﬁc to
barrier-inlet systems and are discussed herein with reference to the case
studies.
A ﬁrst step is to identify and prioritize the ultimate objectives of an
RSM project. Coastal inlet managers, who manage inlet and estuarine
channels and tidal inlet shoals, are primarily responsible for ensuring
navigability, assessing stability, and quantifying inlet processes.
Subsidiary responsibilities involve environmental and social issues related to tidal inlets and their inﬂuence on the estuaries and adjacent
barrier islands. The subset tasks listed under “Deﬁne & Prioritize
Objectives” in Fig. 14 are common for barrier-inlet systems, however
their priority in a particular RSM project may be constrained. For the
John's Pass to Bunces Pass regional study area, individual management
decisions previously focused on maximizing inlet navigability may
change towards a regionally focused conservation of sediment resources.
When ﬁrst aligning the stakeholder goals and objectives, often a
limited scope curtails the temporal and spatial requirements of analysis,
design requirements, operational constraints, and other planning actions in a RSM study. Common constraints on appropriately scaling the
spatio-temporal scope of a RSM study include funding levels and time
limits, local and regional political boundaries, and regulatory policies.
It is important for a RSM project team and stakeholders to recognize
these constraints as their limitation on the study may not be apparent at
the beginning of project. As an example, regulatory constraints by the
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cases, that included the swash-bar attachment sediment bypassing
cycle. To cope with this natural sand bypassing mechanism, the
management plan recommended a minimum 300-m buﬀer zone.
This recommendation is more in line with the modern RSM framework.

study. As discussed in the case study, Blind Pass was originally managed
with the goal of inlet stability through dredging and channel stabilization structures in the 1960s and 1970s. Sedimentation and development of the ebb-tidal delta to restore natural sand bypassing was
identiﬁed as a knowledge gap from the early practices. Therefore, restoring the sediment bypassing was recommended as a high priority
based on the RSM framework.
Application of new research tools and analyses, and particularly the
rapidly improving numerical modeling capabilities, is crucial in bridging the gaps in knowledge and in evaluating speciﬁc management
alternatives. The predictive capabilities of a numerical model may enhance the optimization of sediment management practices such as the
capability of a bypassing system to ﬁll dredged shoals within a tidal
inlet delta. Calculated operational eﬃciencies may assist coastal managers in meeting strict cost-to-beneﬁt ratios required to mobilize construction equipment to engineer barrier-inlet systems, such as those
outlined in Beck and Legault (2012) and Schrader et al. (2016).
From a planning and execution point of view, reevaluation of the
objectives over time within a working RSM plan, and periodic updates
to that plan, are critical to managing evolving dynamic systems. The
subset tasks listed in Fig. 13 may continue to evolve and be revised as
objectives and priorities change and the understanding of the interconnected processes for barrier-inlet systems improves.
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